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ABSTRACT
The first galaxies forming a few hundred million years after the Big Bang are the key
drivers of cosmic evolution and ideal laboratories to study theories of galaxies forma-
tion. They are the potential hosts of the first and second generation of stars. Their
radiative feedback regulates star formation not only in nearby but also in distant halos.
In this study, we aim to systematically study the role of UV radiation in suppressing
star formation in primordial galaxies by means of destroying molecular hydrogen, the
main coolant in primordial gas and to provide estimates of cold dense gas at the onset
of star formation. To accomplish this goal, we perform three dimensional cosmological
simulations of minihalos in different environments forming at z ∼ 25 immersed in a
background radiation field with varying strength of UV flux below the Lyman limit
between 0.01-1000 in units of J21 = 10−21 erg/cm2/s/Hz/sr. Particularly, we include
photo-detachment of H−, the self-shielding of H2 which both were neglected in pre-
vious studies and use updated reaction rates. Our results show that H2 formation is
suppressed, delaying gravitational collapse until halos reach the atomic cooling limit.
We find that the formation of cold dense molecular gas and subsequently star for-
mation gets delayed by 100 to 230 Myr depending on the level of the background
radiation and the growth history of the dark matter halos in our simulations. The
fraction of dense self-shielded gas available to cool and form stars is a strong function
of the background flux and exponentially declines with the strength of incident UV
flux above J21 ≥ 1. We also find that taking into account H2 self-shielding is crucial
for estimating the amount of cold dense gas available for star formation. Our results
suggest that a significant fraction of first stars could be observed between z = 10 − 15
with the James Webb Space Telescope.
Key words: methods: numerical – cosmology: theory – early Universe – high redshift–
galaxies formation– radiation
1 INTRODUCTION
Remarkable progress in high-redshift surveys have pushed
the observational frontier up to the cosmic dawn. More
than 800 galaxies have been detected within the first bil-
lion years after the Big Bang with candidate galaxies up to
z ∼ 11(Bouwens et al. 2016; Oesch 2016; McLeod et al. 2016;
Lam et al. 2019). These galaxies are the potential hosts of
the first and second generation of stars and key laborato-
ries to test theories of star formation. When and how these
galaxies formed stars are key questions in the study of high-
redshift galaxies formation.
Our understanding of structure formation is based on
the ΛCDM paradigm. According to the hierarchical scenario
of structure formation, the first generation of stars so-called
Pop III stars are formed in minihalos at z ∼ 30. First studies
? E-mail: latifne@gemail.com
estimated that Pop III stars are more massive than con-
temporary stars in the local Universe with masses about a
few hundred solar masses (Abel et al. 2000; Bromm et al.
2002; Yoshida et al. 2008). However, recent high resolution
numerical simulations suggest that proto-stellar discs form
during the collapse of gas with non-negligible angular mo-
mentum, which can become unstable due to gravitational
torques and fragment to form multiple stars per minihalo
(Turk et al. 2009; Clark et al. 2011; Greif et al. 2012; Latif
et al. 2013; Hirano et al. 2014; Stacy et al. 2016). Conse-
quently, the typical masses of Pop III stars are expected
to be about a few tens of solar masses and lower than the
previous findings. Nevertheless, some of the clumps formed
due to disc fragmentation may migrate inwards and merge
with the central protostar resulting in an intermittent UV
feedback from the star (Latif & Schleicher 2015; Hosokawa
et al. 2016). Pop III stars, depending on their mass, are ex-
pected to influence the subsequent star formation via their
© 2019 The Authors
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chemical, mechanical and radiative feedback (Johnson et al.
2013).
Pop III stars are expected to form out of a primordial
gas in minihalos of 105 − 106 M with virial temperatures of
about a few thousand K. In primordial halos, a trace amount
of molecular hydrogen can be formed via gas-phase reactions
which can cool the gas down to about 200 K. In the absence
of dust and metals, the gravitational collapse in these mini-
halos is induced by molecular hydrogen. The first generation
of stars are expected to have short lifetimes depending upon
their mass scale (Heger & Woosley 2002; Heger et al. 2003),
they may go off as supernovae and enrich the intergalactic
medium with metals (Maio et al. 2011; Smith et al. 2015).
The second generations of stars so-called Pop II stars are
formed from metal enriched gas with metallacity as low as
Z/Z ∼ 3 × 10−4 (Schneider et al. 2003; Omukai et al. 2005;
Glover & Jappsen 2007; Wise et al. 2012; Bovino et al. 2014;
Latif et al. 2016b). The value of the critical metallicity may
further get reduced by an order of magnitude in the presence
of dust cooling. Pop II stars are expected to be more abun-
dant and also have longer lifetimes compared to the Pop III
stars due to their lower masses on average.
The first galaxies hosting Pop II and POP III stars are
presumed to emit copious amount of UV radiation and may
influence the star formation in nearby or even in distant ha-
los (Johnson et al. 2013). While UV radiation above 13.6
eV gets absorbed in the surrounding gas, UV photons be-
low the Lyman limit (13.6 eV) have long mean free paths
and may regulate the star formation by suppressing the
amount of cold dense gas in primordial halos. The UV radi-
ation below the Lyman limit can photo-detach H− which is
the main pathway for H2 formation as well as can directly
dissociate H2 molecules via the Solomon process. Machacek
et al. (2001) performed numerical simulations to study the
impact of Lyman Werner (11.2-13.6 eV) radiation on pri-
mordial gas clouds. They found that such soft-UV radia-
tion can delay star formation and that the amount of cold
gas depends on the strength of LW flux as well as cloud
mass. However, they ignored the effect of H2 self-shielding
and H− photo-detachment in their study. Both of these fac-
tors are important in estimating the cold dense gas available
for star formation in primordial halos. In addition to that
a number of updates to reaction rates for H− detachment,
H2 photo-dissociation and 3-body reactions have been intro-
duced, which all affect the amount of cold dense star form-
ing gas in haloes. Therefore, it is worthwhile to revisit this
problem with state of the art chemical models and higher
resolution simulations.
To assess the role of UV radiation in regulating the star
formation in high-redshift galaxies, we perform a suite of 3D
cosmological simulations for 6 distinct halos with different
merger histories by employing a UV flux with Trad = 2 ×
104 K which can mimic realistic spectra of the first galaxies
(Agarwal & Khochfar 2015; Sugimura et al. 2014; Latif et al.
2015). We employ state of the art chemical models with the
latest reaction rates (Latif et al. 2015; Glover 2015). We
vary the strength of UV field from 0.01 -1000 in units of
J21 = 1021erg cm2 s1 Hz1 sr1. Our findings suggest that the
amount of star forming cold gas decreases with UV flux and
collapse gets significantly delayed. Our work provides new
estimates of cold dense star forming gas for a given strength
of UV background radiation below the Lyman limit.
This article is organized in the following way. In section
2, we provide details of numerical methods and chemical
model employed in this work. In section 3, we present our
main findings and confer our conclusions in section 4.
2 NUMERICAL METHODS
We use the open source code Enzo to carry out cosmological
hydro-dynamical simulations (Bryan et al. 2014). Enzo is an
adaptive mesh refinement (AMR), parallel, grid based, Eu-
lerian code which can run on different platforms and is suit-
able for cosmological simulations. We employ the piece-wise
parabolic method (PPM) to solve hydrodynamical equations
and make use of particle-mesh based N-body solver to com-
pute DM dynamics. We use multigrid Poisson solver for self-
gravity calculations.
Our simulations are commenced with cosmological ini-
tial conditions generated from the MUSIC package (Hahn
& Abel 2011) at z = 150 using the Planck 2016 data with
ΩM = 0.3089, ΩΛ = 0.6911, H0 = 0.6774 (Planck Collabo-
ration et al. 2016). They have top grid resolution of 2563
and the same number of DM particles in a cosmological vol-
ume of 1Mpc/h. We further employ two additional nested
grids each with the same resolution (2563 grid cells) as of
the top grid, yielding an effective resolution of 10243. Con-
sequently, the maximum DM resolution in our simulations
is 67 M/h. We subsequently employ further 20 levels of
dynamical refinement during the course of simulations by
exploiting the AMR capability which yields spatial resolu-
tion of about 50 AU. Our refinement criteria is based on
baryonic overdensity, Jeans refinement and the DM mass.
A cell is flagged for refinement once it exceeds four times
the cosmic mean density or DM particle density of 0.0625
times ρDMr`α where ρDM is the dark matter density, r = 2 is
the refinement factor, ` is the refinement level, and α = −0.3
makes the refinement super-Lagrangian. The Jeans length
in our simulations is resolved at-least by 32 cells throughout
their evolution. We selected 6 distinct halos with different
merger histories, various environments and are placed at the
center of the box.
We employ the publicly available astrochemistry pack-
age KROME (Grassi et al. 2014) to solve the chemical
and thermal evolution of primordial gas chemistry along
with cosmological simulations. In our model we solve the
rate equations of the following nine primordial species
H, H+, H−, He, He+, He++, H2, H+2 , e
−. We assume that
UV radiation below the Lyman limit is emitted by the
first galaxies with black body radiation temperature of
2 × 104 K. Such radiation temperature is shown to mimic
the realistic spectra of the first galaxies (Sugimura et al.
2014; Agarwal & Khochfar 2015; Latif et al. 2015)1. The
strength of UV spectra is varied between 0.01−1000 in units
of J21 = 10−21 erg/cm2/s/Hz/Sr. In our model we include
photo-detachment of H−, photo-dissociation and collisional-
dissociation of H2 and H+2 . Our model includes cooling and
heating from all the relevant processes such as cooling from
1 see Agarwal et al. (2019) for deviations from this assumption
and the impact on reaction rates
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collisional excitation, collisional ionization, radiative recom-
bination, collision induced emission, bremsstrahlung radia-
tion as well as H2 cooling, chemical heating/cooling from
three-body reactions. For H2 self-shielding we use the fitting
formula by Wolcott-Green et al. (2011). Further details of
our chemical model are discussed in Latif et al. (2015) and
Latif et al. (2016a). We have ignored the Deuterium related
processes as HD gets dissociated even in the ubiquity of a
very weak UV flux. Therefore, we expect that it will have
no influence on our findings.
3 RESULTS
3.1 Overview
We present our main findings in this section. In total, we
have performed about 50 cosmological simulations for six
different halos by varying the strength of the impinging UV
radiation field from 0.01-1000 in units of J21. The simulated
halos have different merger histories and are selected from
environments with different dark matter over-densities rang-
ing from 0.1 to 100 times the cosmic mean in a volume
of 1(Mpc/h)3 centred around the halo of interest. The se-
lected halos have over-densities of 0.1, 1, 10 and 100 times
the cosmic average. The mass range of selected minihalos
varies from a few times 105 M to 106 M and they typ-
ically form at z = 23 − 26. We stop our simulations soon
after they reach 20 levels of refinement which gives us a spa-
tial resolution of about 10−3 pc and gas densities of about
10−15 g/cm3 (109 cm−3). In the next subsections, we discuss
physical properties of gas in haloes and compute the mass
of H2 cooled dense gas, followed by estimates of cold gas
fractions available for star formation given the strength of
the UV background.
3.2 Halo gas properties
Gas initially falls into the DM potentials and gets heated
via shocks and mergers until it reaches virial temperatures
of about a few thousand Kelvins. Virialization shocks fur-
ther catalyze H2 formation and consequently the H2 fraction
reaches above 10−3. In the absence of a UV radiation flux,
collapse gets triggered by molecular hydrogen in a halo of a
few times 105 M and the gas temperature decreases down
to a few hundred K. The H2 fraction further gets boosted in
the center of the halo via three-body reactions at densities
above n ≥ 106 cm−3. For a weaker radiation field of strength
J21 ≤ 0.1, the impact of UV radiation is almost negligible as
the collapse is slightly delayed but the fraction of molecu-
lar hydrogen in the halo is comparable to the no UV case.
Consequently, the thermal evolution is similar to the no UV
case mainly due to the effect of H2 self-shielding, see Fig. 1
and Fig. 2 for two representative halos. This is true for all
simulated halos.
For J21 > 1, UV radiation suppress H2 formation via H−
photo-detachment as well as directly dissociate H2 molecules
via the Solomon process. Due to the lack of sufficient H2, the
collapse gets delayed until the halo mass reaches the atomic
cooling limit at which point atomic line cooling kicks in and
H2 self-shielding from UV radiation becomes effective in the
center of the halos as H2 column density exceeds 1014 cm−2.
Consequently, the H2 fraction gets boosted and cools the gas
in the core of the haloes down to a few hundred K similar to
the weaker J21 cases. At higher densities above 10−18 g/cm3,
the gas temperature starts to increase due to the compres-
sional heating and also the gas becomes optically thick to
H2 line cooling. The same trend is observed for all simulated
halos. The average density profiles follow R−2.1 behaviour
as expected from primordial gas collapse (Greif et al. 2012;
Latif et al. 2013) and profiles become flat within the centre
of halos which corresponds to the central Jeans length. The
bumps on the density profile indicate the presence of small
substructure in the halo. The mass profile sharply increases
in the central core corresponding to the central Jeans length
and then almost linearly increases with radius following the
density profile. The enclosed mass is enhanced for stronger
J21 cases due to the larger halo mass. Similar behaviour is
found for all halos.
Interestingly, in one of the simulated halo, the collapse
proceeds isothermally for J21 = 1000 and the H2 fraction
remains as low as 10−7. Under such conditions, we expect
that it will directly collapse into a massive black hole instead
of forming ordinary stars. The minimum halo threshold mass
for collapse increases with the strength of UV flux, it reaches
107 M for for J21 = 10 and continues to increase for stronger
radiation fields until 5 × 107 M, the atomic cooling limit,
see Fig. 3. Overall the halo threshold mass becomes almost
constant for J21 ≥ 50 with some scatter due to the variations
in the halo growth history. Similarly, the collapse of gas in
halo gets delayed in the ubiquity of UV flux. This comes
from the fact that H2 suppression becomes more effective
with enhancing the intensity of UV radiation, consequently
gas cannot cool until the halo virial temperature reaches
≥ 104 K and atomic line cooling kicks in. This results in
longer collapse times scale, delayed cold dense molecular gas
formation and subsequently late star formation depending
upon the UV field strength. For stronger radiation fluxes
(J21 = 10), the gas collapse in halo gets delayed up to ∆z ∼
14 (about 230 Myrs) and the critical halo mass increases
by almost two orders of magnitude as shown in Fig. 4. On
average for J21 > 5 the collapse is delayed by about 100 Myrs.
The error-bars in halo threshold mass and collapse redshifts
correspond to one sigma value and the dispersion is due to
different halo merger and growth histories.
3.3 Cold gas fraction
To estimate the amount of cold dense gas available for star
formation in the presence of various UV fields, we plot the
ratio of the Jeans mass to the enclosed mass against the total
enclosed mass as shown in Fig. 5 for a representative case.
We compute the enclosed mass by estimating the total gas
mass within a sphere of given radius and divide it by local
thermal Jeans mass to assess its stability against gravita-
tional collapse. This ratio monotonically increases with en-
closed mass, peaks around a characteristic mass mentioned
below and then declines. The peak corresponds to the onset
of H2 cooling in central parsec region of the gas cloud. We
observe this characteristic behaviour in all simulated halos.
The Mencl/MJeans ratio peaks around one and indicates that
the gas cloud is subject to gravitational collapse. Based on
the peak ratio, we estimate the cold dense gas mass avail-
able for star formation. In order to compute what fraction of
MNRAS 000, 1–7 (2019)
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total baryonic mass that will form stars for a given UV ra-
diation field, we plot the ratio of gas mass corresponding to
the peak in Fig. 5 to total mass against the strength of radi-
ation flux in Fig. 6. The typical mass of dense molecular gas
in the simulated halos is about 1000 M. This coincides with
the expected average star formation efficiency of a few per-
cent as seen in the Kennicutt-Schmidt law for local galaxies
(Leroy et al. 2008; Espada et al. 2019).
We find that for J21 ≤ 1 the ratio of Mpeak/Mtot is
∼ 10−3 and almost remains constant. While for larger radia-
tion fluxes J21 > 1 the ratio of Mpeak/Mtot decreases sharply
between 1 < J21 < 5 and then almost linearly declines with
increasing flux with a minimum value of about 3 × 10−4.
Some variations from halo to halo are observed due to the
different growth histories, formation redshifts and variation
in halo masses but the overall trend is the same for all sim-
ulated halos. This suggests that for weaker radiation fluxes
(J21 ≤ 1) the fraction of star forming gas is ∼ 10−3 indepen-
dent of the radiation field while for stronger radiation fields
J21 ≥ 10 the fraction of cold gas exponentially declines with
J21 due to the fact that H2 dissociation becomes more effec-
tive. The threshold halo mass for collapse for a given UV
radiation flux can be estimated (in units of solar masses)
with the following analytical expression:
Mth = exp[19.38 − 4.3 × exp[−0.16 × ln(J˜)]] M (1)
here J˜ is the value of UV flux in units of J21. Similarly the
amount of cold dense gas (in units of solar masses) depen-
dent on incident UV flux J21 ≥ 1 can be well approximated
by the following analytic fit:
Mcold,gas = exp[830.06 − 837.47 × exp[0.0005 × ln(J˜)]] × Mth.
(2)
3.4 Comparison with previous works
In order to directly compare our results with previous work
of Machacek et al. (2001) (hereafter M1), we have plotted the
H2 cooled and cold dense gas fractions in figure 7. These frac-
tions are computed in the same way as in Fig. 3 of M1. We
found that the H2 cooled gas fraction is slightly higher than
dense gas and is almost independent of halo mass. Over-
all, only a few percent of total gas mass is dense enough to
be able to form stars. M1 found that the cold gas fraction
logrithmically increases with cloud mass while our finding
suggest that the fraction of gas is almost independent of
halo mass for J21 ≤ 1, while for stronger radiation fluxes,
the fraction of cold dense gas exponentially decreases. These
differences are due to the fact that M1 ignored the effect of
H2 self-shielding as well photo-detachment of H− by low en-
ergy photons. We find that by considering the effect of H2
self-shielding the H2 fraction in the center of the halo is com-
parable to the no UV case. while in M1 H2 is an order of
magnitude lower for J21 = 1. Consequently, the fraction of
cold dense gas is same for all simulated clouds. The maxi-
mum resolution in our simulations is about 50 AU, at-least
two orders of magnitude higher than M1. Due to higher res-
olution in our simulations the central gas cloud is very well
resolved and enables us to accurately estimate the dense gas
mass in simulated halos. Our findings provide more accurate
estimates of cold dense star forming gas in UV irradiated ha-
los.
4 CONCLUSIONS AND DISCUSSION
In this study we have performed cosmological simulations
to explore the impact of UV radiation emitted by the first
galaxies in regulating star formation in high redshift galax-
ies. In total, we have conducted about 50 simulations for six
distinct halos by varying the strength of the impinging radi-
ation field below the Lyman limit from 0.01 − 1000 in units
of J21 = 10−21 erg/cm2/Hz/Sr. In our simulations, we employ
a comprehensive chemical model to solve non-equilibrium
chemistry of nine primordial species along with cosmological
simulations. Particularly we include both photo-detachment
of H−, direct photo-dissociation of H2 and self-shielding of
H2 as it is the prime coolant for star formation in primordial
galaxies.
Our findings suggest that UV radiation suppress H2 for-
mation and delays the gravitational collapse depending upon
the strength of the flux. Consequently, the threshold mass
for cooling gets enhanced up to the atomic cooling limit. For
J21 ≥ 10 the collapse of haloes is delayed by ∆z ≥ 10 and the
halo mass is increased up to a few times 107 M. On aver-
age the collapse is delayed by almost 100 Myrs. Variations
from halo to halo are observed due to the different merger
histories, growth rates and halo environments. We find that
the fraction of gas available for star formation is regulated
by the UV flux. For a weaker fluxes (J21 ≤ 1) the fraction of
cold star forming is about 10−3 while for a strong radiation
field it exponentially declines with the intensity of the field.
The minimum fraction of cold dense gas is about 10−5 for
J21 = 100 about two order of magnitude lower than for the
no UV background cases.
We have employed here a fixed background UV flux
but in reality the UV flux is expected to be time dependent.
We have performed one simulation by employing the time
variable background UV flux expected from first galaxies
using the estimates given in Johnson et al. (2013). We found
that results are similar to the weaker UV flux cases as the
expected background UV flux is a few times 10−2 × J21. We
plan on investigating this issue in subsequent simulations.
Given the large delay in the collapse redshifts of halos
for stronger radiation fluxes, Pop III star formation in pri-
mordial haloes is expected to continue down to z = 10. This
suggests that a significant fraction of Pop III stars may be
observed at z ∼ 10 in deep high redshift surveys with upcom-
ing telescopes such as Jame Webb Space telescope (Johnson
& Aykutalp 2018).
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of the ratio and green solid line is fit to the data given in Eq. 2.
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Figure 7. Fraction of cold gas against the halo virial mass for J21 = 0.1 and J21 = 1. The red symbols show the fraction of gas cooled by
H2 with T < 0.5Tvir and ρ > 1000 times the cosmic mean. The Blue symbols represent the cold dense gas fraction with T < 0.5Tvir and
ρ > 1019 M/pc3. The plot is same as Fig. 3 of Machacek 2001.
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